In the era of big data, there exists a growing gap between data generated and storage capacity using twodimensional (2D) magnetic storage technologies (for example, hard disk drives), because they have reached their performance saturation. 3D volumetric all-optical magnetic holography is emerging rapidly as a promising road map to realizing high-density capacity for its fast magnetization control and subwavelength magnetization volume. However, most of the reported light-induced magnetization confronts the problems of impurely longitudinal magnetization, diffraction-limited spot, and uncontrollable magnetization reversal. To overcome these challenges, we propose a novel 3D light-induced magnetic holography based on the conceptual supercritical design with multibeam combination in the 4p microscopic system. We theoretically demonstrate a 3D deep super-resolved (∼ l 3 59 ) purely longitudinal magnetization spot by focusing six coherent circularly polarized beams with two opposing high numerical aperture objectives, which allows 3D magnetic holography with a volumetric storage density of up to 1872 terabit per cubic inches. The number and locations of the superresolved magnetization spots are controllable, and thus, desired magnetization arrays in 3D volume can be produced with properly designed phase filters. Moreover, flexible magnetization reversals are also demonstrated in multifocal arrays by using different illuminations with opposite light helicity. In addition to data storage, this magnetic holography may find applications in information security, such as identity verification for a credit card with magnetic stripe.
INTRODUCTION
The demand for data storage has grown rapidly over the past several decades. Tremendous progress has been made in increasing the areal density-the number of bits per unit area formed on the magnetic material surface (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . However, because of the superparamagnetic limit (1), the areal density of longitudinal magnetic recording and perpendicular magnetic recording techniques is restricted to 100 Gbit/in 2 (2, 3) and 1 Tbit/in 2 (4), respectively. The areal density can be further increased by adopting novel recording and patterning methods, such as heat-assisted magnetic recording (6, 7) and bit-patterned media (8, 9) where the hybrid recording head and patterned magnetic grains are used. Moreover, if both of the aforementioned techniques are combined together, then the areal density can be remarkably enhanced to 10 Tbit/in 2 (10) . However, the areal density improvement is eventually limited by the attainable fabrication accuracy (11) because the conventional magneticbased data storage technique relies on recording the data merely on the two-dimensional (2D) material surface, such as the hard disk drive (HDD).
3D magnetic recording (volumetric magnetic hologram) is an alternative strategy to realize extremely high-density magnetic storage (12) (13) (14) (15) (16) . In principle, a conventional magnetic hologram is written by so-called "thermomagnetic recording." Volumetric magnetic holograms by thermomagnetic writing have also been demonstrated (16) . It has been shown that the information can be retained in the magnetic film and then successfully reconstructed from the 3D hologram even though the recording locations are overlapping (16) . However, all of the aforementioned magnetic holograms that depend entirely on the thermal origin suffer from poor recording density and slow magnetization reversal, which is on the order of 100 ps (17) .
Opto-magnetism, which is a nonthermal effect of light on magnetic materials, provides subpicosecond-level magnetization control (18) . Therefore, opto-magnetism emerges rapidly as a powerful pathway for fast magnetization control of light in magneto-optical (MO) materials. Opto-magnetism also provides an approach for accessing subwavelength magnetization volume all-optically, which sheds light on the realization of 3D all-optical magnetic recording (AOMR) (18) (19) (20) . The AOMR is first experimentally demonstrated in the GdFeCo alloys by circularly polarized light with opposite helicity (18) . The low numerical aperture (NA) [~0.04 at a wavelength (l) of 800 nm] of the focusing lens in the AOMR system leads to quasi-longitudinal magnetization and relatively large laser size, which defines a switched domain with a diameter of 10 mm (18). Theoretically, the longitudinal magnetization is four orders of magnitude larger than the transverse magnetization (21) . However, although all-optical helicity-dependent magnetic switching for magnetic recording has been demonstrated with longitudinal magnetization, so far several crucial problems have thwarted the realization of 3D AOMR. First, the polarization orientation of the triggered magnetization tends to be intricate rather than purely longitudinally polarized within the effective magnetization domain. The impurity of the induced magnetization conversely hinders the availability of high-efficiency AOMR (18) (19) (20) (21) (22) . Studies on enhancing the purity of the longitudinal component in the magnetization zone are done via inverse Faraday effect (23) (24) (25) ; however, the realization of purely longitudinal magnetization is still challenging. Second, 3D deep-subwavelength magnetization volume far beyond the diffraction limit (∼ l 3 8) allows ultrahigh-density magnetic data storage. Nevertheless, there is a growing gap between the requirements of the cutting-edge MO devices and the achievable resolution in a 3D volume. A 4p high-NA focusing system and two counterpropagating radially polarized hollow Gaussian vortex beams have produced a subwavelength magnetization spot (MS) (26) . However, although the 4p focusing configuration improves the longitudinal size of the magnetic spot by four to seven times, the lateral size is still diffraction-limited. Moreover, because of the constructive interference of the longitudinal electric field components, this strategy suffers from strong side lobes, rendering it less attractive in ultrahigh-density magnetic recording. Finally, as one of the most important processes linked to MO data recording, single-spot magnetization reversal can be obtained by circularly polarized light (18) . However, flexible magnetization reversal with multiple MSs, which will greatly increase the recording throughput by parallel magnetization, has not yet been demonstrated. Generally, the aforementioned challenges constitute the fundamental barriers to the development of 3D MO data recording technology.
In this regard, we propose a novel road map for all-optical magnetic holography based on the supercritical design and beam combination. We theoretically demonstrate volumetric magnetic holography with a super-resolved (∼ l 3 59) purely longitudinal MS, under the illumination of circularly polarized light. Such a high-resolution MS is achieved with a lateral size of 0.3566l without significant side lobes and stably maintains a longitudinal size of 0.2550l with moderate side lobes (<30%). By judiciously manipulating the phase of incident beams, we can construct arbitrary arrays of 3D super-resolved MSs with almost perfect uniformity. Moreover, the magnetization reversal can also be realized by changing the helicity of incident waves (from left-handed circularly polarized beams to right-handed circularly polarized beams and vice versa). Our results pave the way for developing 3D ultrahigh-density AOMR. In addition to data recording, this 3D magnetic holography may also find applications in information security.
RESULTS

Generation of 3D supercritical resolved MS in all-optical magnetic holography
The magnetization induced by the lateral supercritical light spot is shown in Fig. 1 . The overall magnetization distribution of the spot is plotted in Fig. 1A . The lateral full width at half maximum (FWHM) of MS is 0.3566l, whereas the diffraction limit spot size is 0.4255l. In the meantime, the axial FWHM of MS is 0.255l, which is enormously suppressed by the 4p system. The side-lobe intensity is greatly suppressed below 0.3 (normalized intensity) by beam combination. Therefore, the 3D deep super-resolved voxel of approximately l 3 59 is achieved, which is far smaller than the diffraction limit of l Figure  1C shows the axial magnetization components along the axial white dashed line in Fig. 1A . Both M r and M φ disappear along the axial direction, leading to a purely longitudinal magnetization, which is determined by M z . The intensity of the axial side lobes is estimated to be approximately 30% of the central spot, which distinguishes the current approach from the 4p configuration working with strongly focused cylindrically polarized vortex beams, where the reported side-lobe intensity is much larger than 50% (17) . To better illustrate the property of the MS, the 3D slices of MS are shown in Fig. 1D . Five layers of the XY planes are equally placed between −l and +l with an identical interval of 0.5l along the z axis. The maximum side lobes are located at Z = ±0.5l with an intensity of~30%.
For 3D magnetic recording, the theoretical storage density limit is mainly determined by the volume of the MS. Theoretically, with the volumetric super-resolved voxel (approximately , that is, 1872 Tbit/in 3 at l = 800 nm, should be attainable. This remarkable result is two orders better than the state-of-the-art HDD, solid-state disk, and linear tape based on sophisticated nanofabrication technology in terms of volumetric storage density (11) . It should also be noted that this volumetric storage density is one order of magnitude higher than the optimistic trend prediction in the year 2025 (11) .
In addition to recording density, the long-term stability is also of vital importance in magnetic recording. The MO material thermal stability factor K u V/kT must exceed 60 to ensure information stability after 10 years of archiving in magnetic recording media (27) , where K u , V, k, and T are the anisotropy constant of the MO material, the volume of MS, the Boltzmann constant, and the temperature, respectively. The anisotropy constant of the GdFeCo alloy is approximately 3 × 10 ) and room temperature at 300 K. Therefore, the GdFeCo alloy is a good candidate for long-term data recording.
Creation of 3D lateral supercritical longitudinal magnetization arrays in magnetic holography
It is of vital importance that the 3D super-resolved longitudinal MSs can be created in arrays with arbitrarily controlled spot locations and numbers, which could greatly help to increase the throughput of the data recording. The principle of the current approach to generating multifocal arrays is to iteratively optimize the phase modulation at the back aperture of the objective so that the desired arrays can be achieved in the focal region (30, 31) . However, it should be noted that this iterative approach is time-consuming and lacks physical insight. Hence, we propose and demonstrate an analytical method to generate the desired MS arrays by multiple phase filters (MPFs) (as shown in Fig. 2A ). The theoretical model for the fast Fourier transform method is shown in the Supplementary Materials (see Theoretical model for multifoci by multiple phase filters). By adopting the fast Fourier transform method, the electric field distribution in the focal region is the convolution of the Fourier transform of the phase modulation and the Fourier transform of the incident electric field with uniform wavefront. Therefore, the phase function of the MPFs can be calculated analytically as
where N is an integer, giving the total number of spots along the x, y, and z directions; a i , b i , and c i represent the displacements along the x, y, and z directions, respectively; and k is the wave number. Therefore, the phase function is a superposition of the electric fields of each spot at the back aperture.
Here, we demonstrate a "pyramid" spot pattern with the five MSs. The corresponding phase pattern is arranged periodically in the entire pupil plane, as shown in Fig. 2A , which contributes to shift the single MS to the appointed positions and, thus, form the pyramid. Figure 2B illustrates the schematic of the pyramidal pattern, with red spots representing the vertexes. The positions of these vertexes are (4l, 4l, 0), (4l, −4l, 0), (−4l, 4l, 0), (−4l, −4l, 0), and (0, 0, 4 ffiffi ffi 2 p l). The cross-sectional maps of the 3D MS array in the z = 0 plane (plane ABCD) and the x + y = 0 plane (plane EGCA) are shown in Fig. 2 (C and D, respectively) . It is revealed that the resolution of all the MSs is almost the same as that without undergoing the pyramidal MPFs. More specifically, the lateral FWHM of MS in the pyramid is estimated to be 0.37l, comparable to 0.3566l in the absence of MPFs, and the axial FWHM of MS in the pyramid is 0.252l, comparable to 0.255l in the absence of MPFs. Moreover, we also find that the magnetization direction of MSs in the array is almost purely longitudinal.
In addition to the spatial resolution and polarization, the uniformity of the magnetization amplitude is routinely used to evaluate the performance of the MS arrays. Traditionally, the uniformity is defined as 1 − D, where D represents the maximum difference among all MSs in the normalized magnetization distribution. The uniformities in plane ABCD and plane EGCA are evaluated as 100 and 96.9%, respectively. Such a high uniformity can offer an excellent tolerance in multifocal offaxis MO recording and maintain high accuracy in multifocal magnetic resonance imaging. Compared with a light-triggered magnetization chain, which increasingly weakens from the geometric focus (32), the reported MS array in this study is more uniform. In addition to the uniformity, the universal applicability of this model is also remarkable. This is explicitly shown by the example in fig. S2 , where a complex geometry [the logo of National University of Singapore (NUS)] is adopted. The NUS logo is formed by multiple off-axis and off-focus MSs. The letters "N," "U," and "S" are located at z = 8l, 0, and −8l with 10, 10, and 11 MSs, respectively.
Arbitrary magnetization reversal in MS array via different illuminations
In magnetic memory devices, logical bits ("ones" and "zeros") are stored by setting the magnetization vector of the individual magnetic domains either "up" or "down." Thus, the recording of one bit corresponds to magnetization reversal. All-optical magnetization reversal has been realized by engineered material combinations (20) and circularly polarized light (18) . However, as one of the most important processes linked to MO data storage, arbitrary magnetization reversal in MS arrays has not yet been demonstrated. Here, we attempt to demonstrate numerically arbitrary magnetization reversal in the pyramid.
The magnetization direction can be controlled by the helicity of the incident light. Here, the magnetization reversal is achieved via two illuminations with opposite light helicity. The theoretical validation of the magnetization reversal by different light helicity is demonstrated in the Supplementary Materials (see Theory of light induced magnetization and magnetization reversal with eqs. S16 and S17). Figure 3 illustrates one-and three-MS magnetization reversal in the pyramid. The schematic of one-spot (peak of the pyramid) magnetization reversal is shown in Fig. 3A . Four 3D super-resolved spots with positive magnetization are generated by the first illumination with left-handed circular polarization. These MSs are indicated with red spots with positive z arrows in Fig. 3A . The MS in plane EFGH is created by the second illumination with right-handed circular polarization. This MS is indicated with blue spots with negative z arrows representing its magnetization direction. The cross-sectional maps of the 3D MS array in the z = 0 plane (plane ABCD) and x + y = 0 (plane EGCA) are shown in Fig. 3 (B and C, respectively). As shown in Fig. 3C , the peak of the pyramid is perfectly reversed in its magnetization direction. The same principle can be used to realize the three-MS reversal, and it is demonstrated in Fig. 3  (D to F) . Figure 3D shows the schematic of the three-MS reversal. The reversed MSs are indicated by blue spots with negative z arrows. Figure  3 (E and F) shows the cross-sectional maps of MSs in plane ABCD and plane EGCA, respectively. It should be emphasized that the resolution and uniformity in both magnetization reversal cases are the same as that without magnetization reversal.
Identity verification
In addition to data recording, this 3D magnetic holography could also find applications in information security, for example, identity verification for a credit card. Currently, the payment with credit cards is basically reading the information from the magnetic stripe. The main drawback of the conventional magnetic stripe is that it is not difficult to counterfeit technically. A new dimension of security could be achieved by adding this all-optical magnetic holography to the conventional magnetic stripe. The prototype of this novel routine is briefly illustrated in Fig. 4 , where the QR codes of the NUS website link and logo are recorded in the same layer with logic bits "1" and "0," respectively. When the rotation-mounted polarizer is rotated to the position of the triangle, only logical bits "1" are captured by the charge-coupled device (CCD) camera, whereas the "0" is filtered. Hence, the QR code of the NUS website link is reconstructed. Similarly, the logo of NUS can be reconstructed by rotating the polarizer to the position of the hexagram. If the volumetric magnetic hologram can be integrated with the credit card, then the information, such as the signature of the credit card holder, could be regarded as the verification code during transactions. This 3D all-optical magnetic holography can help to avoid financial crime because the volumetric magnetic hologram is very difficult to forge due to the expensive, specialized, and technologically advanced equipment involved. The linearly polarized light is incident perpendicular to the magnetic hologram on the magnetic array. The QR codes of the NUS website and logo are recorded in the same layer with logic bits "1" and "0," respectively. When the rotation-mounted polarizer is rotated to the position of the triangle, the QR code of the NUS website link is reconstructed. Similarly, the logo of NUS will be reconstructed by rotating the polarizer to the position of the hexagram.
allows for 3D magnetic holography with a volumetric storage density as high as 1872 Tbit/in 3 . More significantly, arbitrary MS arrays, for example, the pyramidal 3D super-resolved longitudinal MS arrays, can be generated with optimized MPFs according to the locations and numbers of the MSs. Flexible magnetization reversal in a multifocal off-axis pattern has also been demonstrated by controlling the helicity of the incidence. Both the generated MSs and reversed MSs have excellent uniformities, making them an appealing platform for developing light-induced magnetic memory devices. From the experimental perspective, the possibility of achieving the powerful MS arrays with MPFs is particularly fascinating due to the application of dynamic SLM. Volumetric magnetic holography can be applied broadly in AOMR (18) (19) (20) , confocal and magnetic resonance microscopy (33) , and spintronic devices (34, 35) . Moreover, volumetric magnetic holography can be applied to information security, for example, identity verification for a credit card with magnetic stripe.
Although the above results demonstrate potential applications, especially in AOMR, the complexity of the 4p beam combination microscopic system might be an issue in the experimental process. The 4p beam combination microscopic system involves challenging alignment, because multiple beams have to be precisely aligned. However, this is not unachievable. Coherent beam combining in fiber can be a potential way to implement this 4p beam combination design.
MATERIALS AND METHODS
Optical scheme for magnetic holography with supercritical deep-resolved MS Essentially, the key to garner purely longitudinal magnetization alloptically in the magnetic hologram is to remove the electric field along the axial direction (E z ). Multiple methods have been proposed to achieve destructive interference of E z , such as focusing an azimuthally polarized vortex beam (36) , amplitude/phase modulation using annular vortex binary optics (37, 38) , and 4p microscopic system by counterpropagating two identically focused beams (26, (39) (40) (41) . Among those methods, the 4p microscopic system is preferred because of its fascinating capability in simultaneously achieving axial super-resolution. However, it should be emphasized that the lateral resolution cannot be improved with the 4p microscopic system. Moreover, prominent side lobes with intensity up to 50% of the central peak intensity are inevitable, rendering this method less attractive in ultrahigh-density magnetic recording. Aiming to overcome these challenges, this study proposes a novel scheme based on a supercritical design by beam combination.
The supercritical design was implemented by conceptually developing a beam combination 4p microscopic system, as shown in Fig. 5A . Six coherent beams (l = 800 nm) with identical polarization handedness were first modulated to the designed apertures (a i ) and amplitude coefficients (C i ) (table S1). These beams were divided into two groups by six beam splitters and then directed by mirrors toward two opposing high-NA objective lenses (NA, 1.43). Each group of beams passing through the SLMs was finally focused by the high-NA objectives. Without additional phase modulation from SLMs, only the axial magnetic component M z with nonzero value existed in the focal region. Therefore, a single super-resolved purely longitudinal MS can be generated by these two groups of beams. The SLMs encoding the superposition of desired multiple off-focus and off-axis phase patterns were used as MPFs. By modulating the wavefronts of all beams with properly designed MPFs, arrays of 3D super-resolved purely longitudinal MSs can be created in the magnetic hologram, which is placed at the focal region perpendicular to the optical axis. The vectorial electric field distributions in the focal region can be calculated using the Debye diffraction theory (eqs. S1 to S8). The interference of the focal fields of the two objectives is (42) E t ðr; φ; zÞ ¼ Eðr; φ; zÞ þ Eðr; φ; ÀzÞ ð 2Þ
where E(r, φ, z) and E(r, φ, − z) stand for the electric fields of the up and down objectives, respectively, in Fig. 5A . The E(r, φ, ± z) can be expressed as
where E i (r, φ, ± z) stand for the electric fields of the sub-beam with aperture a i . The detailed theoretical model of the beam combination method in 4p microscopy is given in the Supplementary Materials (see Theoretical model for 4p microscopy and beams combination method with eqs. S10 to S13). By properly optimizing the apertures of incident beams and their amplitude coefficients, the lateral resolution of the focal spot can be remarkably improved, and the side lobes in longitudinal direction can be greatly suppressed simultaneously. The optimization process is given in detail in the Supplementary Materials (see Optimization on lateral supercritical design and axial side lobes suppression). The MO material was the GdFeCo alloy, which is widely used for all-optical magnetization (18) (19) (20) . In magnetic memory devices, logical bits ("ones" and "zeros") were stored by setting the magnetization vector of the individual magnetic domains either up or down. The process of magnetic holographic recording is shown in Fig. 5B . The magnets were magnetized up or down by the light stimulus according to the logical bits to be recorded. Zone ① is postrecording, where logic bits are indicated by "1" and "0." The logic bits are in the process of recording in zone ②. Zone ③ is the zone that is prerecording. For the magnetic hologram in the focal region of the objective lenses, the conducting electrons can be regarded as collisionless plasma (43) , which can migrate freely. The induced static magnetization in the magnetic hologram is the vector product of the electric field, which can be calculated as (25) Mðr; φ; zÞ ¼ igE t Â E t * ð4Þ
where E t * denotes the complex conjugate of E t , and g is the MO susceptibility. The g can be expressed as (43)
where e 0 is the relative permittivity of vacuum, e is the electron charge, m is the electron mass, w is frequency of electric field of light, and
= is the plasma frequency. The brackets 〈 〉 denote the time average of the electron density n over several periods of the light electric field. A strong dependence of the magnetization generated by the inverse Faraday effect on the frequency of the applied light field M º w −3 is indicated in Eqs. 4 and 5. Although the MO susceptibility depends strongly on the frequency of light, the magnetizations in the magnetic hologram in different directions were determined by the vectorial electric field components polarizing along different directions. The details about the theoretical analysis of the light-induced magnetization are shown in the Supplementary Materials (see Theory of light induced magnetization and magnetization reversal with eqs. S13, S16, and S17).
The magnetization reversal can be achieved by changing the polarization handedness of the incident light (18) . Therefore, the flexible magnetization reversal can be implemented by different illuminations with opposite polarization handedness. The schematic of magnetization reversal is shown in Fig. 5C . The light-induced MSs form a double helix pattern in the focal region, as shown in Fig. 5C , where the blue arrows stand for positive magnetization and the red arrows stand for the negative ones. The formation of this double helix pattern consists of two illuminations. The first illumination forms the helix with positive magnetization. Then, the second illumination with opposite polarization handedness forms the negative one.
Supercritical criterion
The overall area of the MS in all-optical magnetic holography was determined by the size of the focal spot. It implies that the focal spot size should be further reduced if we want to achieve ultrahigh-density storage capacity. Generally, for the spherical lens-based optical imaging system, the lateral size of its focal spot was limited by 0.61l/NA (above the diffraction limit), which is well known as the Rayleigh criterion (RC) (44) . Subdiffraction focusing was feasible at the cost of the increasing side lobes. For unpolarized incident beams, light with higher spatial frequencies corresponded to a smaller main spot. The extreme case is that light with only the maximum spatial frequency can be focused into a hot spot with an intensity distribution similar to that of |J 0 (krNA)| 2 , which is termed as "maximum-frequency spot," where k = 2p/l and l is the wavelength (45, 46) . For the circularly polarized beam, the strategy is to evaluate the hot spot size with single spatial frequency ranging from zero to maximum. The minimum spot size is taken as the super-oscillation criterion (SOC). The mathematical description of supercritical criterion, under illumination of circularly polarized plane beam with high NA, is given in detail in the Supplementary Materials (see Supercritical region criterion with eqs. S14 and S15). Typically, the range of RC to SOC can be defined as the supercritical region (see the Supplementary Materials and fig. S1 ). The focal spot certainly can be further reduced when the light in the main-spot region oscillates faster than the single frequency with minimum spot size. This is termed super-oscillation in mathematics. However, the cost is that the side-lobe intensity will increase exponentially, and the depth of focus is extremely short, which renders real applications of the super-oscillation spot challenging, although it holds promise for an infinitesimal main spot.
From the above analysis, it is found that lateral subdiffraction focal spot with suppressed longitudinal side lobes can be achieved when the lateral optimization target is set in the supercritical region and longitudinal side lobes below an acceptable level (see Optimization on lateral supercritical design and axial side lobes suppression in the Supplementary Materials).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/3/10/e1701398/DC1 Supplementary Text fig. S1 . The lateral spot size as a function of NA under a circularly polarized light illumination. fig. S2 . The logo of NUS in the focal region. table S1. Optimized parameters (a i and C i ) for supercritical MS generation. (47) (48) (49) (50) 
S C I E N C E A D V A N C E S | R E S E A R C H A R T I C L E
